Ethanol stimulated the uptake of L-alanine into isolated membrane vesicles of a marine pseudomonad at a rate and to an extent comparable with that obtained with reduced nicotinamide adenine dinucleotide (NADH) or the artificial electron donor ascorbate-N, N, N', N'-tetramethyl-p-phenylenediamine (ascorbate-TMPD). Methanol and branched-chain alcohols had little or no capacity to energize transport. No quantitative relationship was found between the ability of a compound to induce oxygen uptake and to energize transport, since with ethanol initial rates of oxygen uptake were approximately 4% of that obtained with NADH or ascorbate-TMPD. Cytochrome analysis revealed that NADH and ethanol reduced cytochromes b and c, whereas ascorbate-TMPD coupled primarily at the level of cytochrome c. Approximately 25% of the cytochromes reduced by dithionite were reducible by ethanol. Ethanol reduction of both cytochromes b and c was prevented by 2-heptyl-4-hydroxyquinoline-N-oxide, p-chloromercuribenzoate, N-ethylmaleimide, and iodoacetate. The ethanol-and NADH-energized transport systems for L-alanine were subject to quantitatively similar inhibition by cyanide, 2-heptyl-4-hydroxyquinoline-N-oxide, 2,4-dinitrophenol, and the sulfhydryl reagents p-chloromercuribenzoate, N-ethylmaleimide, and iodoacetate. In contrast, for ascorbate-TMPD-driven transport, only cyanide and 2, 4-dinitrophenol remained fully effective as inhibitors, pchloromercuribenzoate was only half as effective, and the other compounds stimulated transport. Inhibition of ethanol oxidation strikingly paralleled the inhibition of ethanol-driven transport for each of the inhibitors, including 2,4-dinitrophenol. Marked differences between inhibition of oxygen uptake and inhibition of transport were observed when NADH or ascorbate-TMPD were the electron donors. The data indicate that only a small proportion of the respiratory chain complexes in the membrane vesicles are involved in transport and these are efficiently coupled to ethanol oxidation. The results also suggest that when 2,4-dinitrophenol inhibits transport it is not acting as an uncoupling agent.
Since the discovery by Kaback and co-workers that isolated Escherichia coli membranes concentrate ,8-galactosides (2) and amino acids (19) in the presence of D-lactate, various electron donors, both natural and artificial, have been found to energize transport into isolated bacterial membrane vesicles prepared from a number of different organisms. L-but not D-lactate, reduced nicotinamide adenine dinucleotide (NADH), and succinate were effective for vesicles prepared from Bacillus subtilis (23) and B. licheniformis (25) . Ascorbate-phenazine is energized by NADH or ascorbate TMPD (30) . In the previous study no naturally occurring compound ordinarily oxidized in substrate amounts had been shown to promote transport, although a high level of endogenous transport activity was noted. In the present study (presented in part at the 73rd Annual Meeting of the American Society for Microbiology, Miami Beach, Fla., 6 to 11 May 1973; represents work done in partial fulfillment of the requirements for the Ph.D. degree, McGill Univ., Quebec, Canada, 1973) we report that ethanol and a number of other short-chain primary alcohols have as much capacity to energize transport as NADH or ascorbate-TMPD. The coupling of alcohol oxidation to transport is analogous to the coupling of D-lactate oxidation to transport in E. coli (17) and L-a-glycerol phosphate oxidation to transport in S. aureus (28) in that it is specific. Succinate, which is also oxidized by the membrane preparations, promotes little transport. These observations indicate that in membrane preparations of the marine pseudomonad as well, although electron flow is required for transport, electron flow can occur independently of transport.
Kaback and co-workers have proposed that redox-driven conformational changes are the primary driving force for active transport (18) . They have presented evidence in support of the conclusion that solute carriers are redox proteins reflecting the redox potential of a specific portion of the respiratory chain. In E. coli the site of energy coupling would appear to be after the membrane-bound flavin but before the cytochrome chain (3) . In B. Iicheniformis redox carrier proteins appear to precede the quinone in the electron transfer chain (25) . In the case of the marine pseudomonad, an analysis of the effects of electron donors and respiratory chain inhibitors on transport led to the conclusion that the postulated redox carrier proteins lay between a quinone and 02 in the respiratory chain (30) .
To account for the fact that electron transfer can occur independently of transport in membrane vesicles, Hong and Kaback propose that the carriers are components of shunts from the main portion of the electron transfer chain (14) . Our findings can be interpreted in terms of an alternative hypothesis that only a small proportion of the respiratory chain complexes in the membrane preparations contain carrier proteins. Evidence is also presented indicating that when 2, 4-dinitrophenol inhibits transport in this system it is not acting as an uncoupling agent.
MATERIALS AND METHODS
Organism and cell growth. The organism used and designated B-16 (ATCC 19855, NCMB 19) has been classified as a Pseudomonas sp. type IV by the Torry Research Group, Aberdeen, Scotland. Variant 3 was used in this study (10) . Cells were grown at 25 C with vigorous aeration to late log phase in a complex medium under conditions described previously (26) .
Membrane isolation. Cells were harvested, and mureinoplasts were formed by suspension of the cells in 0.5 M NaCl followed by suspension in 0.5 M sucrose (26) . Protoplasts were prepared from mureinoplasts by digestion of the peptidoglycan layer with lysozyme (150 Ag/ml) in a salts-buffer solution referred to as complete salts solution [KCl, 10 mM; MgSO4, 50 mM; tris(hydroxymethyl)aminomethane (Tris), 50 mM, adjusted to pH 8.3 with HCl; and NaCl, 75 mM]. In initial experiments (30), the complete salts solution contained 200 mM NaCl when used with membrane vesicles since this was the level optimal for the transport of a-aminoisobutyric acid into intact cells (35). Subsequently, 75 mM NaCl was established as being the optimal concentration for L-alanine uptake into vesicles and was therefore used in this study at that level. Protoplasts were collected, broken by French pressure cell treatment at 16,000 lb/in2, and purified as described (30) .
Estimation of intravesicular volume. The double-label technique of Hunter and Brierley (15) was used with some modification. To 75 mg of membranes in a final volume of 7.5 ml of complete salts solution were added ["Clinulin (approximately 3.5 MCi) and 3H2O (10 MCi). After incubation for 7 min with occasional mixing, the membranes were spun at 36,000 x g (Rmax) for 10 min to obtain a tightly packed pellet. The membranes in the pellet were suspended and diluted to 2.0 ml with 1.0 M HClO4, membrane debris was removed by centrifugation, and the radioactivity of the supernatant fluid was determined.
Intravesicular space was taken as the difference in space penetrated by 3H20 and ["Clinulin.
Amino acid uptake assays. Transport of L-alanine into vesicles was assayed as described previously (30) . Where potential inhibitors were tested, these compounds were added to the assay tube 15 Membranes were isolated as described previously but with KCl omitted from all solutions used. For uptake assays, 1.0 mg of membranes in a final volume of 170 zliters was resuspended in complete salts solution containing no added K+. When used, ethanol at 25 mM and NaCN at 1 mM were added just before the 42K solution. After filtration, the membranes on the filters were washed with 5 ml of complete salts solution containing no added K+. To measure 42K uptake by intact cells, the same assay system was used, with 0.58 mg of cells being added in place of membranes. Counting of 42K was carried out in water by using the tritium channel of a liquid scintillation counter (28) .
Cytochrome analysis. A Phoenix dualwavelength, split-beam scanning spectrophotometer was used to obtain difference spectra as described by Chance (6) and by Chance and Williams (7). Potential electron donors were added to the sample cuvette at 2.7 mM, with TMPD where required at 16 AM.
Inhibitors at concentrations used in transport assays were added just prior to the addition of the electron donor. The final reaction mixture was 3.1 ml.
Oxygen uptake. Oxygen consumption measurements at 25 C were performed with either a Clark or a Beckman oxygen electrode connected to a Heath recorder. Reaction mixtures were prepared as for cytochrome analysis.
ATP assay. The various energy sources were added at the concentrations used in transport assays to tubes containing 3.8 mg of membrane in a final volume of 0.6 ml. After 1.0 min, adenosine triphosphate (ATP) was extracted with boiling Tris buffer (50 mM, pH 8.3) and assayed by the luciferin luciferase reaction (13) .
Percentage of L-alanine metabolized by membranes. Uptake of L-[4C lalanine was allowyd to occur for 10 min in the presence of 2 mM ethanol. Immediately after filtration, the filters with adhering membranes were extracted with boiling water for 20 min, and the extracts obtained were centrifuged at 75,000 x g for 30 min. This procedure solubilized 88% of the radioactivity. The extract was flash-evaporated at 46 C and spotted on thin-layer plates (Cellulose powder MN300), and the plates were developed in two dimensions by using the solvent systems and techniques of Jones and Heathcote (16 (Fig. 2) . The results in Fig. 1 were obtained with a radioactive L-alanine preparation from which ethanol had been removed by evaporation under vacuum. Uptake into the vesicles in the absence of an added electron donor was very low in this case, and this endogenous activity was reduced only slightly by the addition of KCN.
It had also been observed (30) that the artificial electron donor system ascorbate-phenazine methosulfate depressed amino acid transport into vesicles of the marine pseudomonad, in contrast to its strong stimulating action in certain other membrane transport systems reported (22, 23) . In the absence of traces of ethanol in the incubation medium, ascorbatephenazine methosulfate had a small capacity to stimulate transport ( Fig. 1 (33), concentrations of ethanol ranging from 10 to 50 mM gave maximal uptake of L-alanine after a 1.0-min uptake period (Fig. 2) . When other alcohols were tested for their capacity to promote transport (Table  1) , it was evident that a chain length of at least two carbon atoms was essential for activity. Transport with n-propanol and n-butanol was even slightly better than with ethanol. A further increase in chain length beyond four carbon atoms, or the presence of methyl or hydroxyl groups on the carbon atoms other than carbon 1, reduced L-alanine transport-stimulating activity.
Correlation between 02 uptake and transport. When 02 uptake and transport were compared by using various energy sources (Table 2) , no obvious relation was found. Similar rates of L-alanine uptake were induced by NADH, ascorbate-TMPD, and ethanol, yet ethanol produced only about 4% as much 02 uptake. The reverse situation was also found. Succinate was oxidized appreciably yet showed little ability to energize transport. Methanol was neither oxidized nor did it energize transport.
Cytochrome analysis. Membrane components reduced by either NADH or by dithionite and scanned under steady-state conditions yielded the results shown in Fig. 3 . The alpha peaks attributed to cytochromes b and c appeared at 560 and 552 nm, respectively, with the Soret peak at 428 nm. Although not shown, the addition of ferricyanide, ensuring complete oxidation of membranes in the reference cuvette, had no effect on the dithionite-reduced spectrum. With ascorbate-TMPD as the electron donor, cytochrome c was reduced to a slightly greater degree than with NADH. Also, the 560-nm peak decreased considerably, indicating less cytochrome b reduction in relation to cytochrome c than had been obtained with NADH or dithionite; this finding was verified by a shifting of the Soret peak from 428 to 425 nm.
Membranes of this organism do not contain detectable levels of cytochrome a under our experimental conditions. Peaks which could be attributed to this type of oxidase (5) were absent upon reduction of the respiratory compo-nents by dithionite, ascorbate-TMPD, or NADH (Fig. 3) . The dithionite-reduced plus CO minus dithionite-reduced spectrum (curve 5) does, however, resemble cytochrome o, having a peak at 415 nm and a trough at 425 nm (5). This peak may be low because of the dropping base line in this region (curves 6 and 7).
Also shown in Fig. 3 is evidence that ethanol did not detectably reduce any of the electron transport components after a 10-min incubation period. On longer incubations, reduction of the components with ethanol as the electron source was obtained (see Table 5 ).
Effect of metabolic inhibitors on influx. We have shown previously that KCN inhibited L-alanine uptake by vesicles when either NADH or ascorbate-TMPD was the electron donor (30) . In that study, HOQNO was effective with NADH but had little effect on ascorbate-TMPD-driven transport. The effect of a wider range of inhibitors on transport is shown in Table 3 . Inhibitions were similar, both qualitatively and quantitatively, when NADH or ethanol was the electron donor. Marked differences were apparent when ascorbate-7TMPD energized transport. Transport was inhibited by HOQNO Tables 3  and 4 shows that the effect of the inhibitors on ethanol oxidation was the same as their effect on transport when ethanol served as the electron donor. Inhibition of NADH oxidation, however, did not parallel inhibition of NADH energized transport. Oxidation of NADH was inhibited to a much greater extent by HOQNO than was transport stimulated by NADH, whereas iodoacetate and N-ethylmaleimide did not inhibit NADH oxidation but had a marked effect on NADH energized transport. With ascorbate-TMPD as electron donor, pchloromercuribenzoate inhibited transport 51% but stimulated oxygen uptake slightly. Of particular interest was the effect of 2,4-dinitrophenol. This compound inhibited NADH and ascorbate-TMPD-induced 02 uptake only 20% but prevented ethanol oxidation by 82%. Inhibition of L-alanine transport by 2, 4-dinitrophenol was 87 to 90% with all three electron donors.
Effect of inhibitors on efflux. Vesicles preloaded with L-["C ]alanine were exposed to various inhibitors, and the level of activity remaining in the vesicles was determined at intervals (Fig. 4) . Those inhibitors which inhibited uptake of L-alanine in Table 3 also caused the net release of the amino acid. With ascorbate-TMPD as electron donor, KCN, which prevented uptake of the amino acid, also caused its rapid release. However, p-chloromercuribenzoate, which produced 50% inhibition of uptake, caused no more release than compounds which did not prevent uptake. Certain of the inhibi- aValues for percent reduction were determined from peak heights or, in the case of flavoprotein, from the depth of the 455 nm trough, as compared to dithionite-reduced (1.0 mg/ml) samples containing no inhibitors.
" Treatment. Reaction mixtures containing no inhibitor were scanned after anaerobic steady state was achieved.
found present in the membranes was affected little or not at all by 2, 4-dinitrophenol, an uncoupler of oxidative phosphorylation (see reference 11 for a review) and an inhibitor of L-alanine transport (Table 3) .
Requirement for K+ for L-alanine transport. We have shown previously that intact cells (8) and membrane vesicles (30) of this marine pseudomonad specifically require Na+ for amino acid transport. In addition, K+-depleted intact cells show a requirement for K+ for transport (32) . To determine whether vesicles require K+ for transport, the vesicles were prepared in the usual manner, except that all solutions used contained no added K salts. Membranes prepared in this manner contained 0.15 jug of K+/mg of membranes and transported L-alanine normally in a medium containing no added K+. Transport activity was not affected by adding 10 mM KCl. Attempts to displace any K+ bound to the membranes by washing with solutions containing RbCl in place of KCl also failed to permit a K+ requirement to be demonstrated. Treatment with RbCl resulted in reduced transport activity which was not reversed by KCI.
K+ transport by membrane vesicles. The transport of 12K into K+-depleted intact cells of this Inarine pseudomonad is stimulated by the same electron donors which promote the transport of L-alanine into vesicles (34) . The uptake of 42K by K+-depleted cells and vesicles was compared (Fig. 5) by using ethanol as the electron donor. Under conditions permitting the cyanide-sensitive uptake of 42K by the intact cells, no uptake of 42K was detected in the vesicles. Valinomycin-induced uptake of 42K has been reported for Escherichia coli vesicles (4). In a separate experiment similar to that shown in Fig. 5 but with membranes, 0.1 mM valinomycin added as a solution in ethanol failed to stimulate the uptake of "2K.
Effect of potassium ferricyanide. In intact cells of the marine pseudomonad containing their normal complement of intracellular K+, the inhibition of a-aminoisobutyric acid transport by cyanide can be overcome by adding ferricyanide (33) . In the vesicle transport system, ferricyanide was found not to have a similar capacity to overcome cyanide inhibition of L-alanine transport.
Bacterial contaminants in membrane preparations. Plate counts established that the number of viable cells present in a typical incubation mixture containing the usual concentration of membranes did not exceed 2 x 103 cells. Of these, 102 failed to grow on the plating medium containing no added Na+ and, hence, could be presumed to be cells of the marine pseudomonad. Separate experiments established that a concentration of at least 106 cells in the incubation medium was required to demonstrate detectable transport activity under the conditions used here.
Metabolism of transported L-alanine. Of the radioactivity extracted from membrane vesicles after a 10-min uptake period, about 98% was found to chromatograph as alanine. With similar procedures utilizing intact cells, only 27% of the transported radioactivity remained as alanine after a 1.0-min uptake interval.
Site of alcohol dehydrogenase. The release of NAD-linked alcohol dehydrogenase during the preparation of membranes is shown in Table  7 . As indicated by the lack of enzyme activity in the NaCl and sucrose supernatants, no detectable enzyme was released during the course of removal of the outer cell wall layers of the organism (9) . When the protoplasts were sedimented by centrifugation, some enzyme was released into the supernatant medium, probably as a consequence of damage to a small proportion of these fragile cell forms. Most of the enzyme was released when the protoplasts were broken, and remained in the supernatant solution after the membranes had been removed by centrifugation. Isolated membranes examined in the presence of cyanide, added to block reoxidation of any NAD reduced, were found not to have NAD-linked alcohol dehydrogenase activity.
DISCUSSION
This study and our previous report (30) demonstrate that there is an Na+-requiring stereospecific system for the transport of L-alanine into isolated membrane vesicles of this marine pseudomonad. The transport system is activated by NADH, by the artificial electron donor system ascorbate-TMPD, and by a group of short-chain primary alcohols. Studies with intact cells of this organism show that only those alcohols oxidized by the cells promote active transport into cells or vesicles (33) . Furthermore, the same electron donors which stimulate transport into vesicles also stimulate a-aminoisobutyric acid transport into intact cells.
There are several lines of evidence to indicate that the uptake of L-alanine by vesicle preparations is not due to intact cells present as contaminants, one being that cells accumulate 42K but vesicle preparations do not. Another is that, based on initial rates, the optimal Na+ Still another is the difference in effects of inhibitors on efflux in cells (34) and vesicles. Also, transported alanine was metabolized rapidly by cells, but could be recovered almost quantitatively from vesicles.
Ethanol, NADH, and ascorbate-TMPD are equally active in promoting transport by a process which requires 02 (30) and is inhibited by cyanide. Thus, as in other membrane vesicle systems studied, electron flow appears to be involved. That electron flow does not act by generating ATP for use in transport seems clear from the data presented. The possibility that electron flow acts through a capacity to generate a proton gradient seems unlikely for two reasons. First, the rate of transport is the same when ascorbate-TMPD is the electron donor as it is when NADH serves in this capacity, yet according to the chemiosmotic hypothesis (27) protons would be generated at only one site when the former donor is oxidized and at three sites with the latter. Since there is no endogenous transport activity in these membrane vesicles, the rate of transport upon addition of electron donors would be expected to be proportional to the rate of generation of protons if the chemiosmotic hypothesis applied. Secondly, the proton gradient hypothesis cannot explain why transport is coupled to the oxidation of specific electron donors. In the case of membrane vesicles of the marine pseudomonad, a group of short-chain alcohols when oxidized drive transport, yet succinate which is also oxidized does not. This is analogous to the specific coupling of D-lactate oxidation to transport in membrane vesicles of E. coli (18) and of L-a-glycerol phosphate oxidation to transport in membrane vesicles of S. aureus (29) . Since according to the chemiosmotic hypothesis, electron transfer should generate protons irrespective of the source of the electrons, the theory that proton gradients drive transport cannot account for electron transfer occurring independently of transport. Similarly, a proposal that energy is coupled to transport through the formation of an energized membrane state (18) also fails to account for the observed specificity of electron donors for transport. Furthermore, since electron flow has been shown to occur independently of transport in intact cells (33) as well as membrane vesicles of this organism, one cannot argue that the phenomenon is due to the fact that a proportion of the vesicles are inverted (11) .
The data presented here are best explained by assuming, as proposed by Kaback (18) , that the carrier protein undergoes redox-induced conformational changes and reflects the redox potential of a specific portion of the respiratory chain. The stimulation of L-alanine transport by ethanol and NADH, but not that by ascorbate-TMPD, is inhibited by the quinone inhibitor HOQNO and, as shown previously (30) , by irradiation with 360-nm light. One may thus conclude that a quinone mediates the transfer of electrons when NADH and ethanol are electron donors but not when ascorbate-TMPD serves in this capacity. Ascorbate-TMPD brings about the reduction of more cytochrome c than b in the membrane preparations leading to the conclusion that in this, as in other systems (21) , ascorbate-TMPD introduces electrons into the respiratory chain primarily at the level of cytochrome c. Thus, the site of energy coupling to active transport in vesicles of the marine pseudomonad lies after the quinone, probably between cytochrome c and 02 in the respiratory chain. That the site of energy coupling is probably not cytochrome oxidase itself is suggested by studies with intact cells of this organism (33) . These show that the inhibition of a-aminoisobutyric acid transport by KCN can be overcome by adding ferricyanide as an electron acceptor. Surprisingly, inhibition of L-alanine transport into membrane vesicles by KCN could not be overcome by ferricyanide.
A tentative model showing the proposed position of the redox carrier protein in the respiratory chain is presented in Fig. 6 . The model summarizes the conclusions reached concerning the order of the various electron transfer intermediates in the respiratory chain, the point of introduction of electrons by the electron donors, and the site of action of the inhibitors used. NADH and ethanol are shown to couple prior to a quinone component, whereas ascorbate-TMPD couples at the level of cytochrome c. Inhibition of transport by HOQNO and 360-nm light occurs prior to the point of entry of electrons from ascorbate-TMPD and is probably at the quinone. lodoacetate, N-ethylmaleimide, and p-chloromercuribenzoate all inhibit the flow of electrons at unspecified points prior to cytochrome b. As indicated by the transport data, p-chloromercuribenzoate also inhibits partially after the introduction of electrons from ascorbate-TMPD. Dimethyl sulfoxide is a wellknown solvent and penetrant (24 transport data with the various electron donors, it appears that in this organism it acts as a respiratory inhibitor at a site lying between NADH or ethanol coupling and cytochrome c.
When ascorbate-TMPD was the electron donor, those respiratory chain inhibitors which did not inhibit active transport actually stimulated it, often causing an increase in 02 uptake by the membrane vesicles. There is known to be some back flow of electrons in the respiratory chain when ascorbate-TMPD is used as the electron donor (21) . Perhaps inhibitors acting before the site of entry of electrons from ascorbate-TMPD channel the electrons more efficiently through that part of the chain containing the carrier protein.
Although ethanol, NADH, and ascorbate-TMPD are equally active in promoting transport, NADH and ascorbate-TMPD promote more 02 uptake by membrane vesicles than ethanol. To account for electron transfer occurring independently of transport, Kaback and co-workers have proposed that carriers may be components of shunts from the main respiratory chain with coupling factors involved in shunting electrons to and from the main trunk of the respiratory chain (14) . A more likely explanation to account for the efficient coupling of ethanol to transport in the marine pseudomonad is that some but not all of the respiratory chain complexes in the membrane contain carrier proteins and those which do are ones to which ethanol couples specifically. The following observations support this hypothesis. The relative capacity of metabolic inhibitors to inhibit both 02 uptake and transport was the same when ethanol was the electron donor, suggesting that most of the ethanol oxidation was coupled to transport. With NADH or ascorbate-TMPD no such correlation was observed. NADH stimulation of transport was affected by inhibitors to the same extent as ethanolinduced transport, but the oxidation of NADH was affected by iodoacetate and N-ethylmaleimide quite differently. These inhibitors of transport actually stimulated oxidation. Similarly, 2,4-dinitrophenol, which inhibited trans-port energized by any of the electron donors by 90%, inhibited oxidation by only 20% when NADH and ascorbate-TMPD (but not ethanol) were the substrates. Also, at the steady state, ascorbate-TMPD reduced cytochrome c to the extent of 85% of a dithionite reduced control. NADH reduced it to 64%, whereas ethanol caused only 26% reduction. These various observations are compatible with the conclusion that NADH and ascorbate-TMPD are oxidized via two routes, only one of which is coupled to transport, whereas ethanol is oxidized via only that route coupled to transport.
The differential effect of 2, 4-dinitrophenol on oxidation and transport is of particular interest. It would appear that the proportion of the oxidation of NADH or ascorbate-TMPD which is coupled to transport is inhibited by this uncoupling agent. This would indicate that 2,4-dinitrophenol in its effect on transport is not acting as an uncoupling agent but must have some more specific effect unrelated to its apparent capacity (11) either to prevent the formation of a high-energy intermediate or to discharge a proton gradient.
The nature of the specific coupling of ethanol to transport is not known. Although an NADlinked alcohol dehydrogenase is present in the cytoplasm, it has not been detected in the membrane vesicles. It seems likely that a second alcohol dehydrogenase, perhaps flavoprotein linked, exists in the membranes, but this possibility has not yet been investigated.
